Magnetotransport of coupled electron-holes 
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The carriers in InAs-GaSb double quantum wells are hybrid "electron- holes" . We study the 
magnetotransport properties of such particles using a two-component Keldysh technique, which 
results in a semi-analytic expression for the small- field current. We show that zero temperature 
current can be large even when the Fermi energy lies within the hybridization gap, a result which 
cannot be understood within a semiclassical (Boltzmann) approach. Magnetic field dependence of 
the conductance is also affected significantly by the hybridization of electrons and holes. 



The concept of electrons and holes as the basic quasi- 
particles in semiconductor physics is usually very useful 
for the study of transport properties. However, in InAs- 
GaSb heterostructures this concept breaks down. The 
reason for this is that electrons in the InAs layer can 
be isoenergetic with holes in the GaSb layer. Then, hy- 
bridization occurs between conduction and valence band 
states [0, and the single-particle excitations in the sys- 
tem are hybrid electron- holes . The effect of hybridiza- 
tion on in-plane transport in the case where the carriers 
are of the same type was studied in the past [^|-^, and 
was shown to result in "resistance resonance" if the scat- 
tering times of carriers in the two wells are not the same. 
Hybridization of electrons in two wells also significantly 
changes their plasmon spectrum 1^,0. However, the case 
of electron- hole hybridization is very different. For ex- 
ample, in contrast to the electron-electron case, it is not 
immediately clear what charge is carried by the electron- 
hole excitations. In addition, those excitations follow a 
strongly non-monotonic dispersion law |§,||j9| , and a rel- 
atively large hybridization gap (later referred to as plain 
'gap') is formed. As a result, all transport properties are 
affected by hybridization even if the scattering rates in 
the wells are the same. 

Much experimental effort has been put into studying 
these particles. The existence of the gap was confirmed 
and subsequent measurements have revealed more 
details of the non-monotonic spectrum Recent 
transport measurements |^,^ have shown strong resis- 
tance resonance. However, it was shown [|l5|,^ that the 
conductance remains finite even when the Fermi level is 
in the gap. In this regime current carriers are the hybrid 
electron- holes. 

Analyzing theoretically the transport properties of 
these hybrid particles requires a much more basic ap- 
proach than in the calculation of the spectrum. This is 
because natural broadening of levels around the gap plays 
a crucial role in determining the transport at relevant en- 
ergies, and, as will be shown below, is the reason for the 
finite in-gap current. Previous theoretical works studying 
the transport of particles obeying non-monotonic disper- 
sion laws where based on semiclassical assumptions, 
and thus could not produce this result. Below we present 
a full quantum theory for the magnetotransport of hybrid 



electron- holes. For the sake of definiteness we consider 
an InAs/GaSb double quantum well system. 

Our theory is based on a two component Keldysh tech- 
nique. In the absence of scattering and at zero electric 
and magnetic fields, the Hamiltonian for the system takes 



the form |18 



Hn = 



Eek -{ikx + ky)w 
{ik^ - ky)w Ehk 



(1) 



where E^k = h^k^ /2me, Ehk = Ego — h^k^ /2mh, k is the 
in-plane wavevector, TOg./i are the in-plane electron and 
hole effective masses, and Ego > is the energy difference 
between the first hole and electron levels. Under applied 
electric and magnetic fields, the Hamiltonian takes the 
same form as in (|^), but with the substitution 



E,. 



En 



eF 



zV - -A(r), (2) 

nc 



with F the electric field, A the vector potential, and r 
the in-plane position. 

In what follows we calculate the current by first ob- 
taining an explicit expression for the density matrix 



P(ri,i"2) 



G-+(ri,r„i?)|^, 



(3) 



with G the Keldysh Green's function [|I9[. Note that G 
here has 16 components, 4 Keldysh components for each 
of the 4 terms in the Hamiltonian. It satisfies the Dyson 
equation |19 



GqiGi2 — CTz + 0'zSi3G'32, 



G12G, 



-1* 



02 



^2 + Gi3l]32Crz, 



(4a) 
(4b) 



where E is the self energy, az the Pauli matrix with re- 
spect to Keldysh indices, and 



- I d 



(5) 



in which d/dtj operates on the jth variable of G12. 

In the presence of magnetic field G, S, and p are not 
translationally invariant. We therefore work with the 
translationally invariant functions pO| 



1 



G(ri-r2,£;) 
= G{ri,r2,E- eF • R) exp 



(6) 



and similar definitions for S and p. Here R = (ri+r2)/2, 



-B.(ri xr2) + /(ri)-/(r2), (7) 



B is the magnetic field, and /(r) is the gauge function, 
defined by A(r) = x r + V/(r) Furthermore, in 
electric field even G is not translationally invariant. This 
complication can be neglected if the energy of the carri- 
ers and their wavefunctions are not affected appreciably 
by the field. The restriction on the field is thus 



eFT, 



e.h 



hkf 



eF 



«1, 



(8) 



with Te^h the elastic scattering times of electrons and 
holes, kp the Fermi wavenumber, and A = wko the hy- 
bridization gap (fco is defined by Eeko — Ehko)- When 
interested in magnetic phenomena this also requires 



eFRLTeji E, 



ceji 



Ef 



«1, 



(9) 



with Rl the Larmor radius and Eca = TieB /niaC. In 
practice, these limitation are not strong and are applica- 
ble to a wide range of experiments. 

We now expand Eqs. (|^) for all their components, use 
Eq. , and transform into k-space. The resulting equa- 
tions for the ( — h) components of G take forms similar to 
the evolution equation (4.6) of Ref. but which com- 
bine the various e-h components of G, and with collision 
integrals given by 



G 



aak 



"^aak 



/kQ/3 — SaQk^Q^k ~ ^ac!k^Q/3k 



— h 



where CT = G'- - Gj+, G"^^ = G— - G+- , = 
S -t- E ^, and — -1- E"' , and where we omit- 
ted the explicit dependence on energy for brevity. We 
also use the convention that if both a and (3 appear in 
the same equation, they are distinctly different (i.e., if 
a = h then j3 = e and vice versa). 

We now make the physical assumption that scattering 
in the two wells is not correlated. Formally, this means 
that E is diagonal. Also, we follow the usual practice and 
neglect the small renormalization of the spectrum due to 
scattering. In this case E becomes purely imaginary and 
can be written in the form 

K{E)^-K{E)^^{J^f^ ,^°^)). (11) 



(10a) 
(10b) 

^ak{E) are found within the self-consistent Born approx- 
imation by writing down the general expression for the 
self energy, 

/^2q 
GaQk-q(£')MQ,q y^-, (12) 

where the elastic scattering matrix elements 

squared. G^ak is then found by solving the general rela- 
tion @ 

with {A, S} — AB + BA. The solution of this equation 
is 



nr ( _ no-U J7\ - 1 [E-Ehk+iThk -w{ik^ + ky) \ 

G,{E)-G,{E)-j^^^^ ^zfc.-M E^E,k+^T.k)' ^^^^ 

with 

R{E, k)^{E- Eek + iTek){E - Ehk + iThk) ~ w^k'', (15) 



and where we used Eqs. (|l|) and (^ij). In the same ap- 
proximation, substituting Eq. (Ilj) in Eq. (O) gives 



cPq 
(2^ 



where the family of kernels Kp^ are defined by 

[E-E.^k-iTo.kiE)]" 



K;^{E,k) 



[R{E,k)i] 



(16) 



(17) 



For short-range scattering Uak, and therefore E and F, do 
not depend on k. Its value can be found from Eqs. (16 1^) 
at energies far from the gap, where they are expressed in 
terms of the relaxation times in non-coupled wells. 



h u 



^ / S{E-E^k)kdk 
- Jo 



2n^ 



(18) 



Combining Eqs. (11 lq|l8| ) results in two self consistent 
equations for Fe, Th, 



2 



(19) 



Next, we substitute Eqs. and (gj) into Eq. (|1C 
which results in coUision integrals depending only on the 
( — h) components of G and E. We then linearize the 
equations for these components with respect to the elec- 
tric field, using the unperturbed (zero-order) function 
G-+(o) = fo{E){G'' - G"-) (20), with Jq{E) the Fermi 
function. After the linearization the equations for the 
Green's functions are integrated with respect to energy. 



With the use of Eq. (^ this leads to four transport equa- 
tions for the components of the density matrix. The so- 
lution to these equations is found in a straightforward, 
though tedious, manner. It is given in terms of the coef- 
ficients x(fc), defined by 



Pi'2(k) 
pS(k) 



x""(fc)-k. 



(20a) 
(20b) 



with p^^^ the term of p linear in F. The solution reads 



xT{k) = ± 



.eh 



2 

2mrw'^T 



leklhk ~ 7fe 



1 



Ech^e 



Ek 



1 



2Rexf = 0, 

with the upper sign for a ~ e and the lower for a — h. Here 



Ece^h 



Ek 



(21a) 

(21b) 

(21c) 
(21d) 

(22) 



1 



foiE)lmKo2{E,k)dE 



2Eh 



El 



r2 



h{E) 



1 



■iTnKUE^k) 



■lYaKl^{E,k) 



dE, (23) 



-1 



f'„{E)lTnK^^^{E,k)dE, 



?2(fc) = -^ / k{E)l^K^^^{E,k)dE, 

TTrUa J 



(^ak — ^lak + 



^k = '^Ik + 



leklhk - ll ' 
EceEchlk 
leklhk - ll ' 



(24) 

(25) 

(26) 
(27) 



Ik = w^k^r/{El + r2), = + 7;,, r = Te + r^,, 

Ek = Ehk — Eek, l/rrir ~ l/mg + l/rrih, and x is in the 
direction of the electric field. 
The current density is given by 



ei 

sn 



{[H,r]) 



(28) 



with S the area of the sample. Performing the average 
over the density matrix p, and using Eq. (EG) results in 



efik% 
2n 



dk 



r^ik) , x'^'ik) 



ruh 



2Re 



X^'ik) 



(29) 



The mixing of electrons and holes is affecting both the 
diagonal contributions to the current [see Eq. pl](a,b)], 



and the unusual off-diagonal contribution (the origin of 
the latter is solely due to this mixing). 

Equations ( pT| , p9| ) present a semi-analytic expression 
for the current at any temperature and for any value of 
r, provided the conditions (|^,^) are met. [The only nu- 
merical tasks required in order to calculate the current 
are the integration over energy in Eqs. (p3|-p5|) and the 
solution of Eqs. [l^]. Results for the sheet conductance at 
zero magnetic field and zero temperature as a function of 
Fermi energy are shown in Fig. 1. Magnetoconductance 
curves for the case where the Fermi level is in midgap are 
shown in Fig. 2. 

Two important conclusions can be drawn from the re- 
sults shown in Figs. |l|,||. First, it is clear that the zero- 
temperature conductance does not vanish even when the 
Fermi level is in the gap. This is due to the finite broad- 
ening of the levels F. Moreover, as long as the particles 
are not localized, conductivity is finite even for very small 
F. This is because the scattering mean free time (propor- 
tional to the conductivity) scales as 1 /F while the overlap 
of levels in the two hybridized bands is linear with F. In 
the case when F <C A ^ Ego, Eqs. ( |2l] , p9| ) result in a 
crude estimate of the conductivity, g « (e'^/h){EgQ/A). 
At very small values of F/A states in the middle of the 
gap become localized, and the conductivity falls to a 



3 



value close to /h (this effect cannot be described by the 
first Born approximation used in this work). It would be 
interesting to study the competition between this quan- 
tum resistance, usually proportional to ln(L/Z), with L 
the sample length and I the mean free path, and our 
hybridization resistance, proportional to A/EgQ. An op- 
portunity to study the two terms is unique to our system 
because F does not play a role in the conductivity due to 
states outside the mobility gap. In addition, the logarith- 
mic dependence of the quantum correction on L/l was 
obtained only for purely metallic systems. In our case 
the Fermi level is located in the hybridization gap, and 
this correction may assume a different form. In any case, 
it is emphasized that our result of finite conductivity in 
the gap, which is consistent with recent experimental re- 
sults 1 15 1^ , cannot be understood within a semiclassical 
Boltzmann theory. 
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FIG. 1. Conductance as a function of Fermi energy for vari- 
ous coupling strengths at zero temperature and zero magnetic 
field. A — wko is the hybridization gap. Here h/re — 0.8 
meV, h/Th = 0.6 meV, and Ego = 50 meV. 
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FIG. 2. (a) longitudinal and (b) transverse conductance as 
a function of magnetic field for the case when Ef is at midgap 
and at zero temperature, a^y max is the maximum value of 
axy occurring at B ~ 0.3 — 0.5 T. Te, th, and Ego are as in 
Fig. 1. 

Second, it is seen that magnetoconductance curves are 
affected by the presence of electron-hole coupling. This 
result may be of practical importance in the characteri- 
zation of InAs-GaSb samples. That is because the usual 
characterization routines use sensitive fitting procedures 
of classical magnetoconductance expressions to measured 
data in order to extract four independent parameters: 
the electron and hole densities and mobilities The 
corrections to the classical expressions (i.e., to the case 
A = 0) due to hybridization may significantly affect the 
apparent value of these parameters. 

In summary, we have studied the transport properties 



of coupled electron-holes within a full quantum approach. 
We arrived at a semi-analytic expression for the current 
under weak electric and magnetic fields, Eqs. ( pl| , p9| ). 
This current shows strong resistance resonance, does not 
vanish in the gap, and its magnetic-field dependence de- 
pends on the strength of coupling. 
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